Abstract. The intracellular parasite Mycobacterium bovis (M. bovis) causes tuberculosis in cattle and humans. Understanding the interactions between M. bovis and host cells is essential in developing tools for the prevention, detection, and treatment of M. bovis infection. Gene expression profiles provide a large amount of information regarding the molecular mechanisms underlying these interactions. The present study analyzed changes in gene expression in bovine peripheral blood mononuclear cells (PBMCs) at 0, 4 and 24 h following exposure to M. bovis. Using bovine whole-genome microarrays, a total of 420 genes were identified that exhibited significant alterations in expression (≥2-fold). Significantly enriched genes were identified using the Kyoto Encyclopedia of Genes and Genomes database, of which the highest differentially expressed genes were associated with the immune system, signal transduction, endocytosis, cellular transport, inflammation, and apoptosis. Of the genes associated with the immune system, 84.85% displayed downregulation. These findings support the view that M. bovis inhibits signaling pathways of antimycobacterial host defense in bovine PBMCs. These in vitro data demonstrated that molecular alterations underlying the pathogenesis of tuberculosis begin early, during the initial 24 h following M. bovis infection.
Introduction
Bovine tuberculosis (BTB) is caused by the intracellular pathogen Mycobacterium bovis (M. bovis), which is a facultative intracellular parasite of macrophages. BTB has a significant economic impact and serious implications for human health, particularly in developing countries (1) . M. bovis can be transmitted to humans by infectious bacilli via respiratory contact with infected cattle, or consumption of unpasteurized dairy products (2) . The host immune response to M. bovis infection is complex: Following initial exposure, T-helper cell-1 (T h 1) innate immunity is induced. The bacilli are phagocytosed by host macrophages via pathogen-recognition receptors (PRRs), such as Toll-like receptors (TLRs) and C-type lectin receptors (3, 4) . Signals transduced through these receptors result in the release of endogenous cytokines, which initiate the T-cell secretion of proinflammatory cytokines, including tumor necrosis factor-α (TNF-α) and interferon-γ (IFN-γ). The action of IFN-γ on infected macrophages promotes granuloma formation, which prevents the spread of infection (5) . However, the pathogen often persists within granulomas, and this latent infection can recur as active tuberculosis. The mechanisms underlying evasion of the host immune response by M. bovis are not entirely understood; however they are known to involve the prevention of host phagosome maturation, the inhibition of apoptosis in infected macrophages, and the suppression of cell signaling pathways and cytokine production (6) (7) (8) .
Genomic technologies can be used to elucidate the molecular mechanisms underlying immune responses to pathogens. With the availability of the complete Bos taurus genome (9) , numerous studies have used bovine genome microarrays to analyze transcriptional changes induced by infection of various types of bovine cells with M. bovis (10, 11) . Killick et al (12) reported that M. bovis infection of peripheral blood leukocytes was associated with decreased expression levels of numerous host genes. Using an Affymetrix bovine genome array to investigate the effects of M. bovis challenge on bovine monocyte-derived macrophages in vitro, Magee et al (6) observed significant alterations in expression of genes associated with the inflammatory response, and cell signaling pathways, including TLRs, PRRs and apoptosis. Furthermore, the suppression of immune-associated genes has been detected in vivo in M. bovis-infected cattle (10) .
These observations strongly suggest that M. bovis evades immune surveillance by altering the expression of genes essential to host immunity. The timing and potency of the cellular and immunological events that occur immediately after infection are suggested to be crucial determinants governing the outcome of an infection (13) . Therefore, further elucidation of these early events in numerous types of host 
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Materials and methods
PBMC preparation. The three 3-year-old female Holstein cattle with no recent history of BTB, which were used in the present study, were obtained from the National Taiwan University Experimental Farm (Taipei, Taiwan, R.O.C). The cattle were maintained under uniform housing conditions (temperature, 25-28˚C; humidity, 50-70%) and nutritional regimens; the cattle were fed twice a day with alfalfa and pangola grass hay and fresh, farm-grown grass, and all tested negative on tuberculin skin tests. All procedures described in the present study were reviewed and approved by the National Taiwan University Institutional Animal Care and Use Committee (Taipei, Taiwan, R.O.C). From each animal, 50 ml blood from the vein was collected in a sterile heparinized bottle and layered onto ACCUSPIN™ tubes containing Histopaque ® 1077 (Sigma-Aldrich, St. Louis, MO, USA). Following density gradient centrifugation (300 x g for 20 min at room temperature), the PBMCs were collected and cultured as previously described by Magee et al (6) , with numerous modifications, including the use of an antibiotic-free culture media supplemented with NaHCO 3 and 10% fetal bovine serum. Cell cultures in 60 mm dishes (~5x10 6 cells/dish), were grown in RPMI (Gibco Life Technologies, Grand Island, NY, USA) supplemented with 10% fetal bovine serum (GE Healthcare Life Sciences, Logan, UT, USA) and NaHCO 3 to a final concentration of 26 mM at 37˚C for 24 h in a culture incubator containing 5% CO 2 . The medium was then replaced with 1 ml fresh medium in order to remove any non-adherent cells. To ensure that the same number of PBMCs were subjected to M. bovis-challenge, 80-100% confluent monolayers of PBMCs were generated and counted on day 3, yielding ~5x10 6 cells per dishes, providing enough total RNA for microarray analysis. The cells were counted in Marienfeld ® Thoma counting chamber (Celeromics Technologies, Grenoble, France), and trypan blue solution (Sigma-Aldrich, St. Luis, MO, USA) was used for the exclusion of dead cells.
Bacterial preparations. M. bovis strain 331-A1 (Animal Health Research Institute, New Taipei City, Taiwan, R.O.C), which was isolated in 2008 from cattle with tuberculosis, was used. The strain was confirmed by acid-fast staining using the Ziehl-Neelsen method, the gold standard procedure for the diagnosis of tuberculosis, and identified in mycobacterium culture by PCR and spoligotyping (14) . The strain used was spoligotype SB0265, which is frequently isolated from cattle in Taiwan. The strain was cultured in Middlebrook 7H9 broth (BD Biosciences, Franklin Lakes, NJ, USA) containing 10% (v/v) Middlebrook albumin-dextrose-catalase (BD Biosciences), 0.05% Tween 80 (Sigma-Aldrich) and 0.40% (w/v) sodium pyruvate (Sigma-Aldrich) at 37˚C. Bacterial suspensions were then centrifuged at 3,000 x g for 15 min at 25˚C, and the pellets were washed twice in phosphate-buffered saline (PBS, pH 7.0), and resuspended in PBS prior to the determination of bacterial concentrations. A NanoDrop 1000 spectrophotometer (Thermo Fisher Scientific, Inc., Wilmington, DE, USA) was used to determine the optical density of the bacterial culture and calculate bacterial concentration in colony-forming u/ml. The concentration of the bacterial inoculum was 10 7 colony-forming units/ml. Fresh stocks of bacteria were prepared for each experiment.
In vitro challenge of PBMCs with M. bovis. When the PBMCs reached 80% confluence, three dishes for each M. bovis infection trial were randomly selected from the 20 dishes grown from cells collected from each cow. All in vitro challenge experiments included a non-challenge PBMC control for each time point. The cells were inoculated at a multiplicity of infection (MOI) of ~2:1 (6) , and control cultures were treated in the same manner using PBS instead of bacterial suspensions. Inoculated and control cultures were incubated for either 4 h (4-hours post-infection (hpi) group) or 24 h (24-hpi group). Total RNA was then extracted using the RNeasy Mini kit (Qiagen, Inc., Valencia, CA, USA), according to the manufacturer's instructions. The concentration and purity of RNA extracts were verified optically using a spectrophotometer (ND-1000; Nanodrop Technologies, Thermo Fisher Scientific, Inc.) and the Bioanalyzer 2100 (Agilent Technologies, Inc., Santa Clara, CA, USA), respectively.
Microarray analysis. Bovine V2 Oligo 4x44 K microarrays (Agilent Technologies, Inc.) were used to determine the differential gene expression between infected and control cells. For reverse transcription, second-strand cDNA was synthesized from 0.5 µg total RNA using the Fluorescent Linear Amplification kit containing T7 RNA polymerase (Agilent Technologies, Inc.). The cDNA served as template for in vitro transcription to produce target cRNA labeled with Cy3-CTP (to label infected cells) and Cy5-CTP (to label control cells) (PerkinElmer, Inc., Waltham, MA, USA). Labeled cRNA (0.825 µg) was fragmented (mean size, ~50-100 nucleotides) in fragmentation buffer (Agilent Technologies, Inc.) at 60˚C for 30 min. The prepared cRNA was subsequently hybridized to the microarray at 60˚C for 17 h. Two replicates of the microarray assays (M1 and M2) were performed. Hybridized microarray chips were scanned using the Agilent Microarray Scanner with Feature Extraction software 9.5.3 (Agilent Technologies, Inc.). The locally weighted linear regression method was applied to normalize the results by rank consistency filtering.
Statistical analysis of microarray data. Microarray data were analyzed using GeneSpring GX 7.3.1 software (Agilent Technologies, Inc.). With a false discovery rate <0.05, data acquisition was conducted using the following criteria: i) P<0.01 for gene expression difference (GeneSpring); ii) a distinct signal from the microarray image that was flagged by the software; and iii) |-log 2-fold change| ≥2.5. Significantly enriched genes were identified using the Kyoto Encyclopedia of Genes and Genomes (KEGG; http://www.genome.jp/kegg/), Table I . Genes with upregulated expression (≥2.5-fold) following exposure of peripheral blood mononuclear cells to Mycobacterium bovis. Table I . Continued. Table II . Genes with downregulated expression (≥ 2.5-fold) following exposure of peripheral blood mononuclar cells to Mycobacterium bovis. Table II . Continued. 
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Results
Kinetics of gene expression during M. bovis infection.
Comprehensive gene expression profiles of the three PBMC samples with or without M. bovis challenge were generated using oligonucleotide bovine microarrays containing 43,803 probe sets. These probe sets interrogated the expression levels of ~29,356 transcripts, some of which mapped to known genes. A total of 3,937 probe sets passed the filtering step, consisting of a t-test with an adjusted P-value threshold ≤0.05. At 4 and 24 hpi, 207 and 3,186 unique probe sets, respectively, were significantly differentially expressed (Fig. 1) . To investigate the kinetics of gene expression, a total of 420 genes (including genes of unknown function) were found to be differentially expressed. Genes with an upregulated expression (30 out of 135 genes of known function) following exposure of PBMC to M. bovis are listed in Table I , and those with a downregulated expression (84 out of 285 genes of known function) are listed in Table II. As shown  in Tables I and II , the genes with a fold change ≥2.5 between 0-4, 4-24 and 0-24 h were listed and divided by functions. Inspection of KEGG pathway annotations for these genes detected their association with the immune system (28%), signal transduction (23%), metabolism (21%), transport and catabolism (8%), genetic information processing (6%), cell growth and death (6%), and other organismal systems (8%). Of the affected genes associated with the immune system, 84.85% were downregulated in PBMCs following M. bovis challenge (Fig. 2) 
Identification of pathways and networks associated with genes affected by M. bovis infection.
Gene set enrichment analysis was performed on the microarray data to identify the specific biological pathways associated with genes differentially expressed upon M. bovis infection. IPA of the microarray data identified the functional profiles of 15 genes that were differentially expressed between 0 and 4 hpi (Table III) , and their associated pathways (Table IV) . A total of 91 genes with differential expression between 0 and 24 hpi were selected in the present study for IPA; and the results of the top 28 (greatest change in expression) are shown in Table V . The pathways associated with these genes are shown in Table VI . A map of the network of pathways involving genes differentially expressed between 0 and 4 hpi is shown in Figs. 3-6 . The key genes in network 1 (Fig. 3) were transforming growth factor-β and matrix metalloproteinase (MMP)13; Other both of which are major genes associated with inflammatory responses. There were only two genes in network 2 ( Fig. 4) : Retinol-binding protein 4 and adenylyl cyclase 6; both of which have known roles in development, particularly embryonic, skeletal and muscular, and so were unlikely to be associated with infection. The key gene in network 3 (Fig. 5 ) was claudin 3 (CLDN3); as in the case of network 2, this network is predominantly associated with skeletal and muscular development, and therefore has only a weak association with the infection. The key gene in network 4 (Fig. 6 ) was gem-associated protein 7, which is associated with cell death and survival, and therefore may be associated with the late response to M. bovis infection. The four networks of the pathways comprising genes differentially expressed between 0 and 24 hpi are shown in Figs. 7-10 . The key gene in network 1 was TNF-α, which interacts with IFN-γ, MMP13, and thrombospondin 1 (THBS1) (Fig. 7) . Expression of these four genes was downregulated. TNF-α also interacts with IL-17 receptor B and thrombomodulin, both of which demonstrated downregulated expression. In addition, TNF-α interacts with activating protein-1, which upregulates complement component 3a receptor 1. The key genes in network 2 were luteinizing hormone (LH) and IL-13. IL-13 upregulates C-type lectin domain family 4 member E, and glycoprotein (transmembrane) nmb, and downregulates THBS1 and androgen-induced 1 (Fig. 8) . The key gene in network 3 was IFN-γ, which regulates the expression of B-cell lymphoma-2 and the nuclear factor (NF)-κB p65 subunit (Fig. 9) . The key gene in network 4 was Akt, which regulates the expression of NF-κB, followed by the downregulation of CCAAT/enhancer binding protein, delta (Fig. 10) .
Discussion
The present study demonstrated that bovine PBMCs responded to in vitro M. bovis infection by undergoing large-scale alterations in gene expression. The expression of 420 genes was shown to significantly differ between 4 and 24 hpi, with 135 upregulated and 285 downregulated genes. Inspection of KEGG pathway annotations for these genes demonstrated that the majority was associated with the immune system, signal transduction, and metabolism. Of the affected genes with immune system functions, 84.85% were downregulated. System pathway analysis of differentially expressed genes revealed the key genes in four different networks to be TNF-α, IFN-γ, LH, IL-13, and NF-κB. These results suggested that M. bovis may suppress the PBMC immune response soon after infection. The number of differentially expressed PBMC genes increased during the first 24 h following exposure to M. bovis. Changes were observed in 207 unique probe sets at 4 hpi and in 3,186 unique probe sets at 24 hpi. Of these, 420 genes displayed significantly altered expression from 4 to 24 hpi, with expression decreasing for 285 genes and increasing for 135 genes. In addition, the fold-change in expression of the downregulated genes was much greater, as compared with that of upregulated genes. Previous studies of transcriptional responses to M. bovis infection have reported downregulation of the majority of differentially expressed genes (10, 12, 15, 16) . In the present study, more genes were suppressed later postinfection (24 h), as compared with earlier (4 h), suggesting the cellular activities involving these genes progressively declined during M. bovis infection.
Inspection of KEGG pathway annotations for the 420 differentially expressed genes revealed their involvement in the immune system (28%), signal transduction (23%), metabolism (21%), transport and catabolism (8%), genetic information processing (6%), cell growth and death (6%), and other organismal systems (8%). Of these genes, >67% (280) exhibited time-dependent decreases in expression associated with signal transduction, immune response, pro-inflammatory cytokines, metabolism, or cell death processes. In addition, 84.85% of the differentially expressed genes associated with immune responses displayed downregulated expression in infected PBMCs. Suppression of host immune response genes is a common finding among studies of gene expression following M. bovis infection (6, 12, 16) . Transcriptome analysis of peripheral blood leukocytes from cattle infected with M. bovis previously detected over-representation of differentially expressed genes associated with the immune response; of these genes, 64.5% showed decreased expression, indicating M. bovis infection may be associated with the suppression of host immune genes (12). Meade et al (16) reported a decrease in the in vivo PBMC expression of key innate immune genes in M. bovis-infected cattle. Subsequent in vivo transcriptional studies of M. bovis-infected cattle demonstrated that PBMC genes associated with immunity, inflammatory responses, and apoptosis were among those with the highest differential expression (10) . These in vivo experiments were conducted in animals following the establishment of an infection, ranging from 2-12 months following inoculation. The in vitro data of the present study supports these findings and further reveals that changes in gene expression begin very early in the course of infection.
Notably, M. bovis infection resulted in a decrease in expression of the most important components of the T h 1 response: IFN-γ, TNF-α, and IL-12. The significance of the altered expression of IFN-γ and TNF-α is demonstrated by their mapping to key locations in the pathway networks. These genes are crucial to the host immune response against mycobacteria, including granuloma formation and apoptosis. Signaling via the IFN-γ pathway is required for macrophage activation and granuloma formation (5). Such signaling is dependent on the production of IFN-γ by T-cells; and IFN-γ synthesis requires the cytokine IL-12. Conversely, the observation in the present study of decreased IFN-γ expression differs from a previous study, which reported that the vaccine Mycobacterium bovis bacillus Calmette-Guérin triggers a T h 1-type response (17) . In addition, another study reported the increased expression of IFN-γ in PBMC from cattle infected 4 months previously (10) . However, these studies observed that genes downstream of IFN-γ were significantly downregulated, suggesting suppression of IFN-γ signaling despite its increased expression. Strain virulence, MOI, cell type, post-infection harvest time, and specific assays used may also underlie these different results.
Apoptosis of infected macrophages is an innate host defense mechanism against intracellular M. bovis and M. tuberculosis. The extrinsic cell death pathway involved in apoptosis is induced by the binding of TNF-α to its receptor on the macrophage surface. Macrophages infected with attenuated strains of pathogenic mycobacteria undergo TNF-α-mediated apoptosis, reducing the viability of intracellular bacilli. Virulent M. tuberculosis strains have been found to suppress macrophage apoptosis (18, 19) . Previous studies have detected upregulation of programmed cell death signaling genes, including TNF-α, following live M. bovis challenge of bovine macrophages in vitro (6, 20) . Therefore, it is intriguing that TNF-α was the key gene affected in network 1. Through this network of pathways, TNF-α was shown to interact with IFN-γ, MMP13, and THBS1.
The present study has numerous limitations. The methods did not distinguish between M. bovis-infected cells and M. bovis-exposed cells; therefore, no correlations can be made between gene expression levels and infection rates. The M. bovis cells were not from a standard strain; therefore, some comparisons to other studies may be less reliable. In addition, the present study does not provide further analysis of specific genes indicated by the microarray data. However, the data from this preliminary screening provide a solid foundation for future investigations.
To the best of our knowledge, this is the first study providing a time-course analysis of global gene expression in bovine PBMCs following in vitro exposure to M. bovis. Our data indicate that extensive alterations in PBMC gene expression may begin early in infection. The majority of the differentially expressed genes were related to immune responses and cell survival. Changes observed in the expression of genes associated with immune responses suggest that M. bovis infection may be associated with the suppression of immune response-related gene expression. In addition, M. bovis infection in PBMCs may suppress apoptosis by interfering with TNF-α signaling. The present study provides valuable information for the further characterization of host responses to M. bovis infection.
